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ARTICLE INFO ABSTRACT

Keywords: To accelerate the design of multicomponent alloys, it is of key importance predicting required properties and
Hardness identifying specific compositions from numerous element combinations. Prediction techniques, including theo-
Nanoindentation retical strengthening models, numerical simulations, and machine learning approaches, offer promising avenues
Eifgzl:ll:;uple for accelerating alloy development. However, achieving high-precision predictions requires large experimental

composition—process-structure-property (CPSP) datasets, which demand significant time and effort to acquire.
This study introduces a high-throughput evaluation approach for generating composition-process—structur-
e-high-temperature property datasets by combining diffusion couples with high-temperature nanoindentation.
Applied to a Ni-Co binary alloy system containing face-centered cubic (fcc) and hexagonal close-packed (hcp)
phases, this approach efficiently obtains 1144 data points, capturing the hardness across temperatures from 300
to 773K and Co concentrations from 2 to 98 at%. These datasets facilitate data-driven analyses of empirical
formulas for solid-solution strengthening. Based on a high-temperature yielding model that separates the thermal
(Peierls stress) and athermal components, a prediction equation is established for the high-temperature hardness
and thermal/athermal components of solid-solution strengthening in the fcc phase of Ni-Co alloys. The tem-
perature dependence of the hardness is divided into thermal and athermal components, which is expressed as a
function of the solute concentration, revealing that the thermal component is highly dependent on the Co
concentration, whereas the athermal component remains nearly independent. These findings indicate that solid-
solution strengthening in Ni-Co alloys is primarily governed by thermal activation within a short-range stress
field across all composition ranges.

High-throughput investigation

1. Introduction

A comprehensive experimental database linking composition—pro-
cess—structure—property (CPSP) is required for structural material design
and practical applications. In particular, understanding the solid-
solution strengthening mechanism of the face-centered cubic (fcc)
phase and its temperature dependence is important for developing
multicomponent alloys, such as Ni-base superalloys [1] and
high-entropy alloys (HEAs) [2-5], which serve as potential
high-temperature structural materials. Advanced Ni-base superalloys
with a y-y’ two-phase structure incorporate multiple elements,
including Co, Cr, Mo, W, Ti, Al, and Ta [1,6]. These alloying elements
are designed to partition between the y matrix (fcc) and y’ precipitates
(L1p-ordered structure), strengthening both phases through
solid-solution strengthening [1,7]. However, experimental datasets
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linking composition to mechanical properties remain limited because of
the vast number of possible element combinations in multicomponent
alloys. Therefore, accurately predicting mechanical properties from
compositions across a wide temperature range remains a significant
challenge.

The most versatile commercial software for predicting strength using
numerical simulations is JMatPro (Sente Software Ltd.) [8]. This soft-
ware has been widely used in industries involved in the manufacture of
multicomponent superalloys, providing predictions for solid solution
strengthening and its temperature dependence in alloys with more than
ten elements based on empirical equations. However, the accuracy of
these empirical predictions depends on the number of composition—-
strength datasets for binary, ternary, and multicomponent alloys in the
internal database. Therefore, increasing the number of experimental
datasets is essential for improving accuracy.
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As theoretical based approaches, Fleischer [9] and Labusch [10]
pioneered models for dilute binary alloys. The strengthening due to the
solute elements A7* are simply expressed as: A7® = Ac?; where A is a
coefficient related to many parameters including material properties
and dislocation characteristics [9,10]; ¢ is the concentration of solute
element; q is a constant. Both models describe the interaction between
dislocations and solute elements, ¢ = 1/2, and q = 2/3 for Fleischer’s
[9] and Labusch’s [10] models, respectively. In many types of binary
alloy systems, it was reported that ¢ = 2/3, rather than q = 1/2. Later,
theoretical and empirical extensions of Labusch’s model for multicom-
ponent alloys [11,12], including medium- and high-entropy alloys
(MEAs and HEAs) [13-17], and for the temperature dependence [15,18]
of the contribution of solid-solution hardening to yield stress have been
proposed. However, calculations for multicomponent alloys such as
Ni-base superalloy with more than ten elements can be extremely
resource-intensive and often unreliable or unpredictable, since these
models require several parameters.

High-throughput generation of experimental datasets and data-
driven analysis can be expected to improve accuracy and expand the
prediction range of solid-solution strengthening. The enhanced database
must lead to an update of the existing physics-based modeling and
overcome the limitations of conventional experimental trial-and-error
alloy design. Especially, combinatorial methods that integrate diffu-
sion couple and nanoindentation techniques have gained significant
attention as innovative approaches for the efficient acquisition of com-
position-mechanical property datasets [19,20]. These methods utilize
unique compositional gradient samples, including multicomponent el-
ements, to perform multipoint measurements, enabling the rapid
collection of mechanical property data corresponding to various com-
positions [20-24]. In addition, Goto et al. [24] successfully constructed
an experimental dataset linking composition and stress—strain curves for
Ni-Co—Cr alloys within a broad ternary phase diagram by combining a
combinatorial method and an inverse estimation approach, with
approximately 168 times faster than conventional tensile testing.
However, combinatorial methods only reported mechanical properties
measured at room temperature [23,24]. Since Ni-base superalloys and
multicomponent alloys are primarily used at high temperatures, the
development of a high-throughput experimental dataset for
composition-dependent high-temperature properties is crucial.

In this study, aiming to map the mechanical properties onto the
equilibrium phase diagram, a high-throughput evaluation method
combining high-temperature nanoindentation [25] with a composi-
tion-gradient diffusion couple is proposed using an Ni—Co binary alloy
with a well-established phase diagram as a model system. This approach
enables the simultaneous acquisition of both the solute concentration
and temperature dependence of the hardness. Further, as a method for
utilizing the obtained experimental dataset linking CPSP, an empirical
equation for predicting solid-solution strengthening across the entire
Ni-Co composition range and a wide temperature range is developed.

2. Experimental

A diffusion couple of Ni-Co binary alloys was prepared by stacking
pure Ni (99.9 %) and Co (99.9 %) plates, which were then bonded using
spark plasma sintering in vacuum at 10 MPa and 973 K for 5 min.
Subsequent annealing at 1423 K for 3000 h facilitated the diffusion of Ni
and Co, followed by hot isostatic pressing at 1393 K and 98 MPa for 4 h
to eliminate voids. From the resulting diffusion couple, three samples
with dimensions of 5mm x 5mm x 1 mm were cut from an initial
10 mm x 10 mm x 1 mm piece. Prior to nanoindentation experiments,
the samples were mechanically polished using abrasive SiC paper and
electropolished (LectroPol-5, Struers) at 40 V and 293 K. The electro-
lytic solution used for electropolishing consisted of 78 mL of perchloric
acid, 90 mL of distilled water, 730 mL of ethanol, and 100 mL of 2-
butoxyethanol (Electrolyte A2, Struers).

Nanoindentation experiments were performed using an xSol high-
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temperature stage (Bruker) equipped with a diamond Berkovich
indenter [25]. High-temperature experiments were conducted in a
reducing atmosphere of a mixed gas of 98 % Ar and 2 % Hj to prevent
surface oxidation. The loading and unloading rates were set to 1 mN/s,
with a peak load of 2 mN and holding time of 10 s. Experiments were
conducted at temperatures of 300, 373, 473, 573, 673, and 773 K. Note
that test temperatures were sufficiently lower than the annealing tem-
perature of 1423 K; therefore, elemental diffusion during nano-
indentation can be neglected in this study. Both the sample and indenter
tip were simultaneously heated at a rate of 10 K/min. Indentation
measurements were performed at 1340 points, with a spacing of 25 ym
between indentations in the single-phase region and 5pm in the
two-phase region. Hardness values were estimated from
load-displacement curves using the method proposed by Oliver and
Pharr [26].

The microstructures of the diffusion couples were examined using
scanning electron microscopy (SEM; JSM-7001FD, JEOL) combined
with electron backscatter diffractometry (EBSD, Oxford Instruments) at
room temperature to identify crystallographic phases and orientations.
Indentations were observed using SEM (Crossbeam, ZEISS). Quantita-
tive elemental analysis of indentations was performed by point analysis
using electron probe microanalysis (EPMA; EPMA-8050G, Shimadzu).

3. Results

3.1. Composition gradient and microstructural characteristics of the
diffusion couple

Fig. 1 shows the microstructure and Co concentration of the sample
after nanoindentation experiments conducted at 300-573 K then cool-
ing to room temperature. Fig. 1(a) displays an image quality map of the
sample surface measured using SEM-EBSD. Stacking directions of pure
Ni and Co plates are horizontal in the figure. Further, the initial stacking
boundary cannot be identified, since no vertical voids arrangement or
gaps were observed. This implies that the preparation conditions of the
diffusion couple in this study were suitable for nanoindentation tests
that are affected by voids and gaps. Indentations measurements were
performed in the horizontal direction across the stacking boundary at
each temperature within the indented area. The indents consisting of 5
rows and 21 columns with a spacing of 25 um were performed with high
positional accuracy. The high-magnification SEM image of the indent of
Ni — 8 at% Co at 573 K shows a sharp triangular indent with a size of
1.62 um, whereas the indentation distance is 15.4 times larger than the
length, confirming that measurements were performed without defor-
mation interference between indentations. Each indent was uniquely
numbered and linked to its corresponding positional information on the
sample surface. By correlating the composition data measured by point
analysis EPMA at the same locations as the indentation, large number of
experimental compositions-high-temperature property datasets were
obtained across a broad compositional and temperature range.

Fig. 1(b) presents an EMPA element mapping of the Co concentra-
tions on the area shown in Fig. 1(a). The right side of Fig. 1(b) corre-
sponds to the Co-rich region, while the left side corresponds to the Ni-
rich region. It can be seen that the Co concentration gradually in-
creases from left to right, while maintaining a nearly uniform concen-
tration in the vertical direction. Meanwhile, the Co concentration
exhibited a relatively steep gradient near the initial boundary of the
diffusion couple.

Fig. 1(c) shows the example of line profile for Co concentration along
the horizontal line in the EPMA mapping shown in Fig. 1(b). The Co
concentration within the indented area showed a gentle slope, varying
continuously across the range of 8-92 at%. The steepest concentration
gradient appeared at around the initial boundary, and was around
0.26 at%/pm. Meanwhile, indent size tested on the steepest gradient
points at the lowest and highest temperatures of 300 and 773 K were
approximately 1.31 and 1.58 pm, respectively. This means that the
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Fig. 1. Microscopy images of the Ni-Co diffusion couple sample after indentation at 300, 373, 473, and 573 K: (a) image quality map, (b) Co concentration dis-
tribution map, (c¢) Co concentration profile, (d) phase maps, and (e) grain orientation maps. Color lines in panels (c)-(e) indicated the presumed face-centered cubic
(fcc)-hexagonal close-packed (hcp) phase boundary during high-temperature indentation.

maximum concentration difference within the indent is only 0.74 at%,
since the plastic deformed zone of indentation is reported to be
approximately 1.8 times larger than the indent size [27]. This confirms
that the concentration gradient within the indent is small enough to be
neglectable for mechanical properties. Meanwhile, the Co concentra-
tions at phase boundary where fcc phase transforms to hep phase were
estimated to be 61 and 75 at% at 300 and 573 K, respectively, as
mentioned later in 3.3. This means that the phase boundary shifts to the
right by approximately 45 pm, exceeding the indentation distance of
25 um, during heating from 300 to 573 K for nanoindentation tests.
Therefore, when the indentation tests were performed at positions close
to the phase boundary at each temperature, the indented phase was
carefully determined.

Fig. 1(d) shows the phase map measured by SEM-EBSD. The figure
shows that the fcc-hcp phase boundary nearly matches the boundary
position estimated at 300 K, implying that phase boundary shifts
rightward during heating and its position is nearly restored upon cooling
to room temperature. However, a very small amount of fcc phase still
remains within the predicted transformation region during cooling,
implying that it is not completely restored to hcp phase upon cooling to
room temperature, possibly due to undercooling effects.

Fig. 1(e) presents the grain orientation map obtained using SEM-
EBSD. The color coding follows a standard stereographic triangle and
corresponds to the orientation of the fcc and hep phases. The presence of
multiple orientations within the indentation formation area indicates
that both phases were polycrystalline. The size of most grains was
significantly larger than the indent size. While some fine grains, less

than 45 pm in size, were observed within the region between the fcc-hcp
phase boundaries estimated at 300 and 573 K, these were still much
larger than the indent size. The formation of fine grains occurs due to the
fcc phase transforming to hcp phase during cooling. To eliminate the
influence of grain boundaries on the hardness measurements, in-
dentations located near grain boundaries in the compositional range
where no phase transformation occurred during testing, were excluded
from the composition—-mechanical property analysis.

3.2. Load-displacement curve

Fig. 2 shows representative load-displacement curves obtained from
nanoindentation measurements. Fig. 2(a)-(d) display the curves for Ni —
3 £ 1 at% Co (Ni-3Co), Ni — 30 £+ 1 at% Co (Ni-30Co), Ni — 60 + 1 at%
Co (Ni-60Co), and Ni — 97 + 1 at% Co (Ni-97Co), respectively, which
were measured at temperatures ranging from 300 to 773 K for each
composition. The pop-in phenomenon, which is characteristic of the
indentation deformation of crystalline materials [28], was observed in
all curves during the initial stage of loading, suggesting a low initial
dislocation density [29].

Following the transition from elastic to elastoplastic deformation via
pop-in, the loading process followed a parabolic trajectory, which is
characteristic of indentation tests using a Berkovich indenter. The curves
in Fig. 2(a)-(c) correspond to the fcc phase, whereas the curve in Fig. 2
(d) represents the fcc phase at 773 K and hcp phase at other tempera-
tures, as determined by the method described below in Fig. 3(b).

The temperature dependence of deformation for each composition
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Fig. 2. Load-displacement curves at 300, 373, 473, 573, 673, and 773 K for (a) Ni-3 at% Co, (b) Ni-30 at% Co, (c) Ni-60 at% Co and (d) Ni-97 at% Co.

was as predicted, demonstrating high-temperature softening, increasing
penetration depth with temperature, and greater creep displacement at
the maximum holding load with increasing temperature. These results
confirmed that the indentation experiments were performed with high
accuracy across the entire composition and temperature ranges.

3.3. Hardness dependence on composition and temperature

Fig. 3(a) shows the relationship between the hardness and Co con-
centration at various temperatures. Here, solid circles and open squares
represent the fcc and hep (or hep + fee) phases, respectively, as deter-
mined by the phase-determination method described below.

At 773 K, where fcc is the stable phase for all compositions, the
hardness exhibited a moderate increase up to approximately 80 at% Co
before declining. At temperatures below 673 K, the hardness gradually
increased with increasing Co concentration within the fcc phase region,
with relatively small variations for each composition. In contrast, in the
hep stability region at high Co concentrations, the hardness increased
sharply at approximately 70 at%, accompanied by greater variability.
The hardness dependence on the Co concentration at 300 K was
consistent with previous studies [24], supporting the reliability of trends
observed at other temperatures.

The higher hardness of the hcp phase compared with that of the fcc
phase could likely be attributed to the influence of the slip system
activation during indentation deformation. Multiple slip systems had to

be active during the indentation-induced deformation; however, in the
hep phase, the availability of slip systems with low critical shear stress
was limited, necessitating the activation of those with higher critical
shear stress. In addition, the hardness variation in the hcp phase across
compositions was greater than that in the fcc phase, likely due to its
anisotropic elastic behavior [24].

A phase diagram of the Ni-Co system is shown in Fig. 3(b) to
determine whether each measurement point belongs to the fcc or hep
phase. Open circles and open squares represent the reported values of
temperature at which the hep phase fully transforms into the fcc phase
during heating at a heating rate ranging from 2 to 10 K/min [30,31]. In
this study, we defined the temperature as the “phase transformation
temperature.” Note that the phase transformation temperature observed
during heating is slightly higher than that of the phase boundary
calculated by commercial software (Thermo-Calc, Database: TCNI9)
based on the CALPHAD method, which is determined as an average
temperature of phase transformation temperature observed during
cooling and heating [30,31]. Further, in this study, because the nano-
indentation tests were performed at constant temperature on a sequence
of heating up, and to consider the potential measurement errors in the
reported values, we defined the upper limit of the 95 % confidence in-
terval (CI) of experimental values as the phase boundary. The Co con-
centrations at the phase boundaries at 300, 373, 473, 573, and 673 K
were determined to be 61, 64, 69, 75, and 82 at%, respectively. Based on
the determined Co concentrations, the hardness dependence on
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Fig. 3. (a) Hardness as a function of the Co concentration at 300, 373, 473, 573, 673, and 773 K, (b) phase diagram for Ni-Co binary alloy, and (c) hardness as a
function of the temperature for different Co concentrations. Solid circles and open squares in panels (a) and (c) represent the fcc and hep phases, respectively.

temperature and composition for the fcc phase was discussed in 4. Here,
note that the data point represented by a solid yellow circle at 74.6 at%
Co and 573 K in Fig. 3(a) was excluded from the fcc phase classification,
as it clearly deviated from the trend observed in other fcc data points.

Consequently, a total of 764 datasets regarding composition-test
temperature-hardness were obtained for the fcc phase through the
proposed high-throughput evaluation method via high-temperature
nanoindentation testing of diffusion couples.

Fig. 3(c) shows the relationship between the hardness and temper-
ature at various Co concentrations. The solid curves show the curves
obtained by fitting the data of Ni-3Co, Ni-30Co, and Ni-60Co, which are
representative Co concentrations with fcc phase stable over the entire
tested temperature. Meanwhile, the dashed curves show the curves
obtained by fitting the data corresponding to hcp phase in Ni-82Co and
Ni-97Co, which are repetitive concentrations with hcp-fcc phase trans-
formation at high temperatures. Here, the fitting equations for the fcc
phase will be discussed in 4.1.

The hardness of each composition decreased with increasing tem-
perature before reaching a plateau, exhibiting a typical softening
behavior. This trend suggested that the thermal activation of dislocation
motion was the primary mechanism governing indentation-induced

deformation. Furthermore, the hcp phase exhibited a distinct tempera-
ture dependence at lower temperatures under high Co concentrations.
This was followed by a sudden decrease in hardness owing to the phase
transformation to fcc. The temperature at which the hardness drop
increased with increasing Co concentration, aligned well with the phase
transformation temperature shown in Fig. 3(b).

4. Discussion

4.1. Formulation of hardness dependence on temperature and
composition in the fcc phase

A high-throughput evaluation approach is useful for data-driven
analyses for constructing an empirical equation of solid-solution
strengthening. The yield stress (oy) is governed by two factors related
to temperature T, which act as fundamental mechanisms resisting
dislocation motion [32]. The first factor involves obstacles such as the
Peierls barrier, which strongly depends on the crystal structure of the
material. These obstacles, typically ranging from one to several inter-
atomic distances in size, constitute short-range resistance. They can be
overcome through the thermal activation motion of dislocation driven
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by thermal fluctuations, making them highly sensitive to temperature.
The second factor consists of obstacles attributed to line and plane de-
fects, such as dislocations and grain boundaries. Unlike short-range
resistance, the movement required for dislocations to bypass these ob-
stacles spans distances much larger than interatomic spacings, forming
long-range resistance. The energy barrier for overcoming these obstacles
is extremely high, rendering them largely unaffected by temperature.

Thus, the yield stress oy (T) consists of both thermal and athermal
components and can be expressed as:

0y(T) = o (T) + Oarn (€))

where oy, and o, represent the stresses required to overcome thermal
and athermal barriers, respectively.

The temperature-dependent Peierls stress o, (a thermal component)
can be described as follows [18]:

2G -2 —
0p(T) = 1—_Dexp( ;wo) X exp(

where G is the shear modulus, v is Poisson’s ratio, b is the Burgers vector,
and w is the half-width of the dislocation core, which corresponds to the
spacing of the glide plane divided by 1 —v [33] at 0 K. The parameter a is
a small positive constant, approximately 1/3T,, where Ty, is the melting
point.

Furthermore, Wu et al. [18] demonstrated that the
temperature-dependent part of the yield stress oy, (T) is equivalent to the
Peierls stress o,(T) for fcc crystals. This allowed for a simplified
expression of Eq. (1) as follows:

@o aT) @

T
0,(T) = U&GXP( - E) + Cath &)
where a?h, Oath, and C are fitting parameters determined from least-
squares fits to the experimental dataset, and the thermal part of oy, is
given by ¢} exp ( 7g> .

By comparing Eqgs. (2) and (3), 6%, and C can be expressed as:

2G -2
o = 0p(0) = 1= yexp( ;"”") )
b
T 2nwoa )

Wu et al. also determined the values of 6%, can, and C from the
experimentally observed temperature dependence of the yield stress for
polycrystalline pure Ni and Ni-50 at% Co alloys. The reported values
were ¢, =46 and 130 MPa, o, = 70 and 50 MPa, and C= 308 and
336 K [18]. The results show that ¢4 depends significantly on the Co
concentration, while .4, exhibits mlnlmal dependence. In addition, C is
less affected by the Co concentration, as the variation in T,,, which is an
important parameter for a in Eq. (5), is negligible.

A total of 764 hardness datasets, covering both the composition and
high-temperature hardness obtained through the high-throughput
evaluation method, are useful for realizing data-driven analyses for
developing an empirical equation of solid-solution strengthening, as
previously discussed. The hardness measured by nanoindentation ex-
periments shows a strong correlation with the yield stress [24]. There-
fore, in the following discussion, the hardness H is treated as o, in Eqs.
(1) and (3).

H(T) = H(T) + Han (6)

H(T) = H?hexp( — g) + Ha @

where Hy,(T) represents the thermal component of the hardness, HY, is
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the thermal component of the hardness at 0 K, and Hyy, is the athermal
component of the hardness. Based on experimentally determined values
for o-?h, Oath, and C [18], in this study, H?h and H,y are assumed to be
parameters influenced by the Co concentration, while C is considered a
Co-independent parameter.

Eq. (7) is rewritten as a function of the Co concentration (cc,) by:

, T
Hicen ) = (AHG " (ccos0) + Hexp( =€) + (AHE (cc) + ) ®

where AIql‘;’li’O(cc07 ) represents the hardness increment due to solid-
solution strengthening at 0 K in the thermal component HS; Hy™* is
the thermal component at 0 K for the hardness of pure Ni; AH (cgo) is
the hardness increment due to solid-solution strengthening in the
athermal component Hyy,; and H, ath is the athermal component for the
hardness of pure Ni. Meanwhile, Eq. (6) for pure Ni is expressed as:

H(T) = Hl\]i'oexp< - 7) o 9

The temperature dependence of the hardness for 2-3 at% Co, which
is the lowest Co concentration in experimental datasets, is almost
identical to that of pure Ni. Therefore, assuming C = 308 K [18], which
has been reported as a result of tensile tests of pure Ni at 77-673 K, as an
initial value for fitting, Hy° and H
1.05 GPa, respectively.

HY are determined to be 1.34 and

Parameters other than Hgli’o and HY} were subsequently determined
by multivariate least-squares fitting using all measurement points for the
fcc phase as shown in 3.3. Here, the concentration-dependent terms A
I—If}S“O(CCO, 0) and AHS, (cco) were defined as follows:

; T
CCo <ZPCC m+1— 1+H1t\1111.0>exp< ) ZKCC n+1 J+H§tlh)
(10)

where m and n are the polynomial degrees. As shown in Fig. 3(c),
hardness for fcc phase over the entire composition range converges to a
constant value at high temperatures above 773 K. This implies that the
effect of Co composition on athermal components is presumably small.
Thus, the term of 3 7 Kjcc,""' 7 in athermal component was simply
defined as a linear function (n = 1) to avoid overfitting by using n > 1.
The determination n = 1 seems to be physically reasonable, since the
atomic size effect varies linearly on athermal component. Meanwhile,
the term of Z;’;l P;iCco™ 17! in thermal component was determined as a
cubic function (m = 3), because R? value showed the highest value at m
= 3, when the hardness were fitted with a simple function varying from
m = 1-3. The nonlinearity of hardness depending on Co concentration is
also reasonable from the result that hardness of the fcc phase at 773 K
showed slightly increased with increasing Co up to approximately 80 %
and decreased to the hardness of Co above 80 %.

By multivariate least-squares fitting 764 datasets of the fcc structure
regarding composition (c¢,) -test temperature (T) -hardness (H) with Eq.
(10) (m = 3 and n = 1), all the parameters can be determined. Thus, Eq.
(10) can be conclusively described as:

H(cco, T) = ( — 6.44x10%cqo® +7.63 x 10 *¢go® — 6.04x10 g,

T
+ 1.34)exp< - m) +(1.03 x 1073¢¢, + 1.05)

an

Here, the coefficient of determination of the equation shows R>
= 0.9051, which was a very high value. Therefore, by using this for-
mula, it is possible to predict the temperature and Co composition
dependence of hardness of fcc phase with high accuracy. All determined
parameters are listed in Table 1.

Fig. 4(a) shows the surface fit obtained using Eq. (11), along with the
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Table 1
Summary of parameters determined from datasets in this study.

Journal of Alloys and Compounds 1042 (2025) 183868

Thermal components, Hy,

Athermal components, Hyh

Thermal components at 0 K, Hg, C
AH(cc0.0) * Hyi o AH (cco) * HY,
P;[GPa/at%”] P, Ps [GPa] [K] K [GPa]
[GPa/at%?] [GPa/at%] [GPa/at%]
-6.44 x 107° 7.63 x 107 -6.04 x 1072 1.34 314 1.03 x 107 1.05

# AHSﬂS"O(ccO, 0) is the hardness increment due to solid-solution strengthening at 0 K; Hgi’o is the thermal component at 0 K for the hardness of pure Ni; AHy (cco) is the
hardness increment due to solid-solution strengthening in the athermal component Hys; Hi is the athermal component of the hardness of pure Ni.

measurement points. Most measurement points align well with the
curved surface, indicating that the surface fit achieved high accuracy.
This accuracy was attributed to the extensive dataset obtained from
high-throughput nanoindentation experiments. Therefore, the predic-
tion equation Eq. (11) for hardness is highly valuable for designing
multicomponent systems at high temperatures. In particular, the reli-
ability of the prediction equations is high within the composition and
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temperature ranges where the experimental values are distributed, and
these ranges are sufficiently broad to establish a comprehensive
database.

The three-dimensional hardness map in Fig. 4(a) reveals valuable
insights from different perspectives. Fig. 4(b), projected onto the T — c¢,
plane, visualizes the relationship between hardness, composition, and
temperature within the phase diagram of the Ni-Co system. Fig. 4(c),
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Fig. 4. (a) Relationship among Co concentration, temperature, and hardness; (b) temperature as a function of the Co concentration; (c) hardness as a function of
temperature; and (d) hardness as a function of the Co concentration.
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projected onto the H—T plane, illustrates the temperature dependence
of hardness for each composition, demonstrating a softening behavior
with increasing temperature owing to the thermally activated motion of
dislocations. Fig. 4(d), projected onto the H — c¢, plane, presents the
composition dependence of the hardness at various temperatures. The
effect of solute element addition across a wide range of compositions
and temperatures was analyzed in comparison with previous studies
[21-24], which primarily focused on solid-solution strengthening at
room temperature. The results revealed that solid-solution strength-
ening occurred with varying degrees of influence depending on the
temperature. As shown in Fig. 4(a) and (d), the strengthening effect was
more pronounced at lower temperatures. The dependence of the hard-
ness on the Co concentration is discussed in 4.2, with particular focus on
the predicted results at 0 K, where the solid-solution strengthening effect
is most significant.

Further, this study focused only on solid solution strengthening in
the fcc phase. Because crystal orientation has a large effect on the
hardness of the hcp phase [24], it was difficult to discuss the dependence
of the hardness of the hcp phase solely on composition and temperature.
However, the high-throughput evaluation method will also contribute to
the construction of a strengthening model for the hcp phase in the
future.

@) s — 0K — 473K — 773K
— 300K 573K — 1768 K
373K 673K - - - Hy,
4_
H(0K)
3_

H [GPa]

197y
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4.2. Thermal and athermal components of solid-solution strengthening

A data-driven analysis of high-throughput generated datasets pro-
vides a clear understanding of the contributions of the thermal

(AH:;’O(CCO, 0), Hgli’o, and exp( 7%>) and athermal (AHS, (cco) and HYL)

components to the hardness at high temperatures (H(cco, T)). Notably,
this approach enables the separation of the influence of solute elements
on the hardness into thermal and athermal components, as expressed in
Eq. (11).

Fig. 5(a) presents the H and H,g, calculated from Eq. (11), as a
function of the Co concentration. The solid lines in different colors
represent the total hardness H(T), which is the sum of both components,
while the purple dashed line indicates the athermal component H,y,, as
defined in Eq. (6). In addition to the experimental results obtained from
300 to 773 K, the extrapolated values of H at 0 and 1768 K, corre-
sponding to the melting point of Co [34], are also shown. The difference
between the H(T) and H,y, corresponds to the thermal component Hy, (T)
in Eq. (6). As shown in Fig. 5(a) the Hy, (0 K) is significantly higher than
the temperature-independent H,y, indicating the difficulty in over-
coming the Peierls barrier without thermal assistance. Meanwhile, the
H(T) decreased significantly with increasing temperature due to the
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Fig. 5. The hardness (H) and its thermal component (H,p) calculated by Eq. (11) as a function of the Co concentration (a) H at experimental temperature,
extrapolated H at 0 and 1768 K (melting point of Co) and H,g, (b) extrapolated H and H,y, at 0 K, and (c) the comparison of estimated hardness at RT.

(c) 3
@  Experimental H at RT
Empirical equation
Fleischer’s model [9]
= ==~ Labusch’s model [10]
2
||
<
S
[S—
T | R T .
Ni AHZe, (cco)
H atlh H, ath
0 v ! 1 A !
0 20 40 60 80 100

Cco [atY0]



M. Asano et al.

reduction in the temperature-dependent Hy,(T), suggesting that dislo-
cation motion was thermally activated to overcome the barrier. In
addition, the H(T) increased with increasing Co concentration, reaching
a peak at approximately 80 at% Co. This peak arose from the interplay
between the thermal and athermal components of Co solid-solution
strengthening.

For a more detailed discussion, the H(0 K), which exhibits significant
solid-solution strengthening, was selected along with the H,,, as shown
in Fig. 5(b). It should be noted that Fig. 5(b) represents a scenario in
which the fcc phase is assumed to be stable at 0 K, whereas the hcp phase
becomes stable at higher Co concentrations, as indicated in Fig. 3(b).
Compared with HY, for pure Ni, the H,y increased slightly with
increasing Co concentration. The increment of the H,y, due to solid-
solution strengthening, AHyy,, is expressed as:

314
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introduction. Here, it was determined that K; = 4.56 x 1072 and Ky =
2.45x 1072,

As shown in the figure, the present empirical equation showed a
similar tendency of cc, dependence below 60 at% Co to Fleischer’s and
Labusch’s model. On the other hand, above 60 at% Co, the two theo-
retical models showed a monotonically increasing hardness, whereas the
empirical equation in this study was able to describe the clear peak in
hardness that appeared in the experiment at 773 K. Furthermore, a key
advantage of data-driven analysis by using high-throughput datasets is
that it allows us to discuss both the cc, contributions to thermal and
athermal components of solid solution strengthening simultaneously. As
a result, by subtracting Eq. (9) from Eq. (11) the AH*(cco, T) can be
expressed as follows:

AH¥(coo, T) = AHS (cco, T) + AHE, (cco)

al

T
= (—6.44x10 %cc,® +7.63 x 10 *co® — 6‘04><10’3c00)exp< - —) +1.03 x 10 3¢cq, a4

AHS, (cco) = 1.03 x 10 3¢, 12)

Meanwhile, compared with Hy, (0 K) for pure Ni (the sum of the Ha'f’o
and HY;), the H(0 K) exhibits a significant increase with increasing Co
concentration, peaking at approximately 80 at% Co. The increment in
H(0K) due to solid-solution strengthening, AH}°, can be expressed as:

AHS(cco, 0) = —6.44%x107%ce,® +7.63 x 10 %cg,? — 6.04x10 3¢,
(13)

As shown in Fig. 5(b), the contribution of thermal components to
solid-solution strengthening by solute atoms was significantly greater
than that of athermal components. In other words, the AHff"O(cCl,, 0) was
highly dependent on the Co concentration of the solute, whereas the
AH, (cco) remained nearly independent of the Co concentration.
Therefore, the peak value of the H(T) occurred at approximately 80 at%
Co, aligning with the maximum of AH(cc,,0).

These results suggested that thermal activation was the dominant
solid-solution strengthening mechanism for Ni-Co across all composi-
tion ranges. As discussed in the previous section, the thermal component
was primarily governed by short-range resistance, with individual Co
atoms contributing to this effect. This mechanism remained relevant
even at higher Co concentrations. The peak of the AHy}, appearing ata Co
concentration higher than 50 at% was attributed to changes in the
dislocation core structure, resulting from a decrease in the stacking fault
energy as the Co concentration increased.

Notably, the maximum value of the AH{j was comparable to the H,
of pure Ni, which represented the intrinsic resistance of Ni. Previous
studies have suggested minimal solid-solution strengthening above RT
with Co addition to Ni compared to Ta, Mo, Pt, Fe, or Cr addition to Ni
[21,23,24]. As shown in Fig. 5(a), the present hardness results at RT
confirm the weak contribution of Co to hardness, similar to previous
studies [23,24]. On the other hand, the present results indicate that this
may not hold true at low temperatures below RT. Further experimental
validation at low temperatures is necessary to clarify this point.

Further, compared with Fleischer’s [9] and Labusch’s [10] models,
the proposed data-driven empirical equation has several advantages. As
an example, a comparison of estimated hardness at RT is shown in Fig. 5
(c). Here, the prediction lines by Fleischer’s model and Labusch’s model
are obtained by determining constants K; and Ky, assuming that hard-
ness increases at RT due to Co addition, AH*(c¢,), follows AH*(cg,) =
Kicco'/?, and AH®(cc,) = Kacco?/?, respectively, as mentioned in the

By organizing the temperature dependence of only the thermal
component, as shown in the first term of Eq. 14, it becomes possible to
derive an empirical equation for the temperature dependence of solid
solution strengthening, which was difficult to achieve with other
models. Furthermore, the nanoindentation method allows for the
acquisition of large datasets of composition-hardness relation elimi-
nating the grain boundary strengthening, which is difficult to obtain
using conventional evaluation methods [18] such as casting, forging,
and high-temperature tensile testing. Thus, the other advantage of this
method is that it enables accurate and rapid evaluation of solid solution
strengthening without being affected by grain boundaries.

4.3. Comparison of predicted and experimental results

Fig. 6 compares the experimental and predicted values to validate
the formulation of Eq. (11). Meanwhile, the solid and dashed lines
represent the upper and lower limits of the 95 % prediction intervals (PI)

2.5
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Fig. 6. Comparison of experimental and predicted hardness based on Eq. (11)
with compositions from 2 to 98 at% Co at 300, 373, 473, 573, 673, and 773 K.
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and 95 % confidence intervals (CI), respectively. Additionally, hardness
data for composition with a concentration difference of less than 3 %
from the phase boundary composition (cc,®) are marked with open
circles.

It can be seen that the Co composition and test temperature depen-
dence on high-temperature hardness is well expressed by Eq. (11),
because of high R? values (R? = 0.9051) and narrow 95 % CI. Especially,
at all tested temperatures except 673 and 773 K, the predicted values
with a concentration difference of 3 % or more from the phase boundary
composition are in good agreement with experimental values and within
95 % PI. Meanwhile, some data where the concentration difference from
cco® was less than 3 % are outside of 95 % PI, implying the accuracy of
prediction slightly decreased. The decrease in prediction accuracy near
cco® may be due to the transition of deformation mechanisms. It has
been reported that the stacking fault energy in fcc single-phase Ni-Co
systems decreases linearly with increasing solute concentration up to the
phase boundary [35,36]. A low stacking fault energy led to dissociation
of dislocations, which promoted the formation of stacking faults and
deformation twins during indentation close to the phase boundaries.

Another factor to consider was the unavoidable decrease in accuracy
owing to the increased difficulty of nanoindentation experiments at
elevated temperatures. This was evident from the large difference be-
tween the experimental and predicted values at 673 and 773 K, although
all the data belong to the fcc single phase (Fig. 3(a)). However, the
relatively large difference observed between 60 and 90 at% Co sug-
gested that the accuracy of the load-displacement curve values was not
solely dependent on the measured sample temperature. For example, the
actual sample temperature may have been slightly lower than the target
value, preventing the system from reaching the temperature range
where single-phase fcc was stable and instead placing it within the
fce+hep phase region. Furthermore, the accuracy of the phase diagram
shown in Fig. 3(b) should be verified in future works.

For enhancing the accuracy of hardness predictions and further
discussing the solid solution strengthening mechanism, it will be
necessary to conduct indentation experiments at temperatures lower
than 300 K and analyze the deformation mechanism at higher Co con-
centrations in greater detail. Further, ensuring the stability of high-
temperature indentation experiments will be also particularly impor-
tant for the high-temperature applications of Ni-base superalloys.

5. Conclusions

A high-throughput method for acquiring composition-high-temper-
ature datasets was developed using Ni-Co binary alloys with tempera-
tures ranging from 300 to 773 K and compositions from 2 to 98 at% Co
to investigate the composition and temperature dependence of hardness.
A prediction equation for solid-solution strengthening in the fcc phase of
Ni-Co was proposed based on a comprehensive dataset. A total of 1144
data points for hardness, composition, and temperature were acquired
using a high-throughput evaluation method that combined a diffusion
couple with high-temperature nanoindentation. The hardness increased
with the Co concentration up to the phase-transformation point at
300-673 K, while at 773 K, it increased to approximately 80 at% before
decreasing within the single fcc phase. The temperature dependence of
the hardness decreased with increasing temperature and then plateaued
for all compositions owing to the thermal activation motion of disloca-
tions, with the fcc-hcp phase transformation temperature shifting
higher with increasing Co concentration. Using 764 data points for the
fcc phase, a prediction equation for solid-solution strengthening as a
function of temperature and composition was successfully formulated,
decomposing the strengthening into thermal and athermal components
through highly accurate surface fitting. The composition dependence of
the hardness at 0 K was evaluated separately for these components,
revealing that the thermal component was highly dependent on the Co
concentration, whereas the athermal component remained nearly
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unaffected. These findings suggested that solid-solution strengthening
by Co addition was primarily governed by thermal activation processes
in a short-range stress field. This method can be applied to other alloy
systems as well, and it also allows for automated evaluation by using our
newly developed system [37]. By expanding the high-throughput
dataset of various multi-component alloys [20] and developing empir-
ical formulas for solid-solution strengthening, which accelerates the
design of high-performance multicomponent alloys.
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